Hybrid nanomaterials consisting of functionalized fullerene and gold nanoparticle (NP) have been synthesized. Fullerene was functionalized by citric acid and used as reducing and capping agent for preparation of gold NPs. Functionalization of fullerene by use of citric acid was performed by enzymatic and thermal approaches. The core-shell structures containing gold NPs as core and fullerene as shell (gold/fullerene) were prepared. It was found that method and density of functionalization of fullerene e®ect¯nal structure and therefore their physicochemical property of hybrid nanomaterial dramatically. Ultraviolet-visible (UV-Vis) spectroscopy, Fourier transform infrared (FTIR) spectroscopy, dynamic light scattering (DLS), atomic force microscopy (AFM), transmission electron microscopy (TEM) were used to analyze the structure of the synthesized hybrid nanomaterial and also study their self-assembly and physicochemical properties. E®ect of the size, structure and morphology (e.g., agglomeration) of the synthesized hybrid nanomaterial on their UV-Vis absorption behavior has been also veri¯ed by theoretical modeling.
Introduction
Over the past three decades, the structure of fullerenes, one of the most famous carbon allotropes has been analyzed in several ways. Spherical shape of this structure provides a wide range of opportunities for physical and chemical modi¯cations.
From the most important processes on the fullerenes, one can consider the synthesis of metal hybrid from this structure. Metal hybrids or nanocomposites containing fullerenes have been synthesized through several methods. C 60¯l ms have been grown on substrates such as Au (111), Au (110), Cu (111), Ni (110), Si (100) and Si (111).
4 DFT (planewave density functional theory) theory is used to study physical properties of fullerene-metal coupling (M ¼ Ti, Cr, Mn, Fe and Ni) . Results show the remarkable properties of these nanostructures in thē eld of electronics. 5 Fullerene-based composites, such as polymer-C 60 mixtures or metal-C 60 multilayers have been synthesized. 6 The chemically crosslinked C 60 thin¯lms and decoration with Ag or Au nanoparticles (NPs) have been produced. Then photoluminescence and optical property of this hybrid have been studied. 7 Investigation of the e®ect of (1-(4-methyl)-piperazinyl fullerene, (MPF)) as one of C 60 derivatives on gold NP for chemically tunable multifunctional interaction has been performed. 8 Use of functionalized C 60 by octane-1, 8-dithiol group¯lm has been used for reduction of AgNO 3 and HAuCl 4 with citric acid, respectively. Obtained NP with this structure in comparison with pristine C 60 is completely di®erent.
9 Ultra magnetic properties of iron oxide and fullerene have been evaluated and the results show high ability of this structure in thē eld of dual magneto-°uorescence imaging. 10 Fullerene and titanium composites have been prepared using sol-gel method and photocatalytic property of TiO 2 and also the charge transfer of fullerene has caused a good activity in the visible range for this composite. This e®ect has been seen in C 60 / Bi 2 TiO 4 F 2 combination too.
11,12 C 60 -Pd polymer is formed by electrochemical method using tetra-nbutyl ammonium acetonitrile/toluene as electrolyte and gold electrode. 13 In the metallocene vapor synthetic method, fullerene has been used to encapsulate nickel and cobalt nanoclusters. This method protects the magnetic property of ferromagnetic nanoclusters.
14 C 60 /silica gel nanocomposites have been prepared by a simple approach and their photocatalytic activity has been studied. 15 A di®erent strategy to prepare composites of fullerene and aluminum or ZnO is the physical method in which high pressure torsion or high temperature has been applied. 16, 17 Another method for construction of fullerene-ZnO composites is to use phosphoric acid functional groups for fullerenes and ZnO coupling.
18 Combination of C 60 oxide and ZnO QD results in core-shell hybrid nanomaterial. In another chemical route, this core-shell structure has been formed by using ZnO nano-rod. 19, 20 Hybrids consisting of gold nanowires and thienylderivative fullerenes have been synthesized by using the CBM groups.
21 Template-based electrocopolymerzation has been also applied to make hybrids of fullerene C 60 -polythiophene-Ag or Au NPs.
22
In the previous studies, in some of the methods, a substrate of fullerene or metal was required to form a metal hybrid (C 60 and Au, Ag and Ni, etc.) . 23 In some other methods, the metal NP (for example, Gold) was stabilized by a functional group such as thiol and then the stabilized gold NPs were bonded with the fullerenes through functional groups on their surfaces.
24-29 A large number of mentioned methods require speci¯c physical and chemical conditions. In most cases, the initial and the most important step is functionalization of fullerenes with an appropriate functional group. The functional group must act as a reducing agent for metal ions. Since a common way to synthesize metal NPs such as gold NPs is to use reducing agents with special functional groups such as citric acid 30, 31 and these molecules will also play the role of capping agents after puri¯cation, in this work we have tried to conjugate such functional groups onto the surface of fullerene and then use the functionalize fullerene as both reducing and capping agents for gold NPs. Fullerenol structure (fullerenes with OH functional group) is the best choice in this regard 32-34 because citric acid could be conjugated onto the surface of fullerene by a simple esteri¯cation method. To link fullerenol and citric acid, two approaches can be followed. These methods are based on thermal and enzymatic polycondensations. In the¯rst method, citric acid has been conjugated to hydroxyl groups of fullerenol by a thermal esteri¯cation and in the second approach Novozayme 435 (stabilized form of B lipase from Candida Antarctica), a bio-catalyst, has been used in order to enhance the reaction rate. 35 Finally, citric acid-functionalized fullerene has been used as both reducing and capping agent to produce fullerene-gold hybrid nanomaterials with new physicochemical properties.
Experimental

Materials and methods
Synthesis in a thermal method
Fullerenol synthesis was performed according to previous methods. 36 Citric acid (0.045 g) was
